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Activation of a Signaling Cascade
by Cytoskeleton Stretch
intact cells (Sawada and Sheetz, 2002). These findings
indicate that the direct alteration rather than changes
in the ionic environment can mediate force-induced
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binding of cytoplasmic proteins. Further, a logical hy-Columbia University
pothesis is that mechanical stretch of Triton cytoskele-New York, New York 10027
tons can initiate a chemical signaling cascade.
In recent reports, the activity of small GTPases were
shown to be modulated by stretching the substrate:Summary
biaxial stretch of cells inactivated Ras (Sawada et al.,
2001) and decreased lamellipodial activity due to inhibi-Cells sense and respond to mechanical force. How-
tion of the Rho family small GTPase Rac (Katsumi et al.,ever, the mechanisms of transduction of extracellular
2002). Further, Rap1 was activated by stretch leadingmatrix (ECM) forces to biochemical signals are not
to activation of the p38 mitogen-activated protein kinaseknown. After removing the cell membrane and soluble
cascade (Sawada et al., 2001). However, the mecha-proteins by Triton X-100 extraction, we found that the
nisms of the modulation of small GTPases by stretchremaining complex (Triton cytoskeletons) activated
were not defined.Rap1 upon stretch. Rap1 guanine nucleotide exchange
Of particular interest for these studies is stretch-factor, C3G, was required for this activation; C3G as
dependent activation of Rap1. C3G is one of severalwell as the adaptor protein, CrkII, in cell extract bound
Rap1 guanine nucleotide exchange factors (GEFs) thatto Triton cytoskeletons in a stretch-dependent man-
mediate activation of Rap1 induced by tyrosine kinasesner. CrkII binding, which was Cas dependent, corre-
(Gotoh et al., 1995). C3G contains several proline-richlated with stretch-dependent tyrosine phosphoryla-
sequences that associate with the Src homology 3 (SH3)tion of proteins in Triton cytoskeletons including Cas
domain of the Crk family of small adaptor moleculesat the contacts with ECM. These in vitro findings were
including CrkI, CrkII, and Crk-L (Knudsen et al., 1994;compatible with in vivo observations of stretch-
Tanaka et al., 1994). Binding of the Crk-C3G complexenhanced phosphotyrosine signals, accumulation of
to phosphotyrosine-containing proteins via the SH2 do-CrkII at cell-ECM contacts, and CrkII-Cas colocaliza-
main of Crk probably facilitates the phosphorylation oftion. We suggest that mechanical force on Triton cy-
Tyr504 on C3G, which represses the cis-acting negativetoskeletons activates local tyrosine phosphorylation,
regulatory domain (Ichiba et al., 1999). Recently, C3G-which provides docking sites for cytosolic proteins,
dependent activation of Rap1 has been shown to beand initiates signaling to activate Rap1.
required for adhesion and spreading of embryonic fibro-
blasts and for the early embryogenesis of the mouseIntroduction
(Ohba et al., 2001). Crk, C3G, and Rap1 have also been
shown to participate in Src family kinase (SFK)-depen-Mechanical forces impinge on cells from all directions,
dent regulation of adhesion (Li et al., 2002b). These re-transmitting important information about the external
sults led us to speculate that Crk/C3G/Rap1 pathwayenvironment. Some cells convert forces into electrical
might be involved in force-induced signaling from cell-signals to transmit sensory information to the brain, and
extracellular matrix (ECM) contacts.
other cells transform forces into biochemical signals to
In this study, we examined if stretching of the Triton
determine cell behavior and fate in growth and devel-
cytoskeletons could initiate the biochemical signaling
opment. cascade causing Rap1 activation. The results demon-
The force transduction systems in mechanosensory strate that a similar pathway is activated by stretch both
cells including hair cells have been intensively studied. in vitro and in vivo.
In those systems, tension is transduced by ion channel
opening caused by net displacements between intracel- Results
lular and extracellular structures. Consequent entry of
ions amplifies the signal (Gillespie and Walker, 2001). Triton Cytoskeletons
Force-dependent ion channels are potentially important We prepared Triton cytoskeletons as described in Ex-
for many kinds of cells. Other mechanisms such as me- perimental Procedures and characterized them to know
chanical alteration of three-dimensional position of which cell components were extracted. To test for lipid
components and conformational change of specific extraction, we labeled the lipid phase with lipid analogs
molecules are postulated for force transduction (Geiger dialkylindocarbocyanine (DiI) C12 or DiIC16. DiIC12 and
and Bershadsky, 2002). DiIC16 have been shown to be partitioned preferentially
We have recently shown that after Triton X-100 extrac- into fluid regions and ordered regions of membranes,
tion of cells attached to collagen, the remaining complex respectively (Mukherjee et al., 1999). Triton X-100 ex-
(Triton cytoskeletons) is altered by biaxial stretch and traction removed a large portion (90%) of DiIC12 and
binds cytoplasmic proteins, e.g., paxillin, focal adhesion about 70% of DiIC16 (Figure 1C). In terms of proteins,
kinase, and Cas, in a manner and location similar to some were largely removed (paxillin and C3G), whereas
others were found at significant levels in Triton cytoskel-
etons by immunoblotting (integrin 1, Src, Fyn) (Figure*Correspondence: ms2001@columbia.edu
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Figure 1. Triton Cytoskeletons
(A) EGFP-paxillin was removed by Triton
X-100 extraction, whereas F-actin remained.
Top row: Fluorescence micrographs of
F-actin (left) and EGFP-paxillin (right) in a
L-929 cell expressing EGFP-paxillin. L-929
cells expressing EGFP-paxillin (stable trans-
fectant) were fixed, permeabilized, and incu-
bated with Alexa Fluor 568 phalloidin for 20
min. After wash, F-actin and EGFP-paxillin
were visualized. Bottom row: Fluorescence
micrographs of F-actin (left) and EGFP-paxil-
lin (right) in Triton cytoskeletons from a L-929
cell expressing EGFP-paxillin. Triton cy-
toskeletons prepared from L-929 cells ex-
pressing EGFP-paxillin (see Experimental
Procedures) were fixed and incubated with
phalloidin for 20 min. After wash, F-actin and
EGFP-paxillin were visualized. Micrographs
from the same cell are presented in each row.
(B) Analysis of proteins in Triton cytoskele-
tons. Total cell lysate (Total), Triton cytoskel-
etons (Cysk), and Triton X-100-soluble pro-
teins (Sol) were prepared and equivalent
portions of each sample were analyzed for
indicated proteins by immunoblotting. Arrows
and arrowhead indicated processed and un-
processed integrin 1, respectively.
(C) A large portion of lipids were extracted
by 0.25% Triton X-100 treatment. L-929 cells
were labeled with DiIC12 and DiIC16 for 5 min
at 37C (Mukherjee et al., 1999). DiI deriva-
tives were visualized with fluorescence mi-
croscopy immediately after labeling (intact
cells) and after 0.25% Triton X-100 extraction.
1B). A considerable portion of the cellular actin remained Rap1•GTP when the cytoplasmic extract was incubated
in Triton cytoskeletons primarily as F-actin since it was with stretched Triton cytoskeletons (450 l of cyto-
stained with Alexa Fluor 568 phalloidin, while EGFP- plasmic extract and Triton cytoskeletons from 4  105
paxillin was almost completely removed (Figure 1A; Sa- cells). However, unstretched Triton cytoskeletons caused
wada and Sheetz, 2002). These results show that Triton no change (Figure 2B). No significant difference in
cytoskeletons contain few membrane lipids and cyto- Ras•GTP was observed between stretched and un-
plasmic proteins but are primarily composed of cy- stretched Triton cytoskeletons (Figure 2B). These results
toskeletal and adhesion proteins. indicate that Triton cytoskeletons specifically activate
Rap1 upon stretch but not Ras.
Mechanical Stretch of Triton Cytoskeletons To examine if Rap1 from the Triton cytoskeletons or
Activates Rap1 in Cytoplasmic Extracts from the cytoplasmic extract was activated by stretch,
We first tested whether or not Triton cytoskeletons re- we prepared a cytoplasmic extract from L-929 cells ex-
tained the ability to regulate the activity of Ras and Rap1 pressing EGFP-Rap1 and incubated with Triton cy-
by stretch as observed in intact cells (Sawada et al., toskeletons from naive L-929 cells. We found that EGFP-
2001). L-929 cells cultured on collagen-coated silicone Rap1•GTP was increased when the cytoplasmic extract
dishes (Sawada et al., 2001) were treated with Triton was incubated with stretched Triton cytoskeletons (Fig-
X-100 and then the remaining complexes, Triton cy- ure 2C). Thus, mechanical stretch of Triton cytoskele-
toskeletons, were stretched 10% biaxially by stretching tons activates Rap1 in cytoplasmic extracts.
the silicone dishes or left unstretched before incubation
with a cytoplasmic extract of L-929 cells. GTP bound
C3G and Crk in the Cytoplasmic Extract Bind toform of Ras or Rap1 in the incubation mixture was quan-
Triton Cytoskeletons in a Stretch-Dependent Mannertified with a pull-down assay using the appropriate gluta-
To analyze the mechanism of Rap1 activation, we testedthione S-transferase (GST) fusion protein: GST-Ras
for proteins potentially in the activation pathway thatbinding domain (RBD) of Raf-1 for Ras or GST-Ral gua-
bound to Triton cytoskeletons in a stretch-dependentnine nucleotide dissociation stimulator-Rap1-inter-
manner (Sawada and Sheetz, 2002). Paxillin and severalacting domain (RalGDS-RID) for Rap1 (Figure 2A; Wol-
thuis et al., 1998). There was a significant increase in focal contact proteins bound to Triton cytoskeletons in
Signal Activation by Cytoskeleton Stretch
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Figure 2. Stretched Triton Cytoskeletons Ac-
tivate Rap1
(A) Diagram of protocol for Ras and Rap1
activation by stretched Triton cytoskeletons.
(B) Rap1 activation by stretched Triton cy-
toskeletons. Stretched or unstretched Triton
cytoskeletons were incubated with cyto-
plasmic extract. Proteins were recovered and
analyzed for Ras and Rap1 activity. Equiva-
lent portions of each sample were analyzed
for the total Ras and Rap1 input. The cyto-
plasmic extract that was not incubated with
Triton cytoskeletons was also analyzed for
Ras or Rap1 activity (cytoplasmic extract).
The value of relative amount of Rap1•GTP to
total Rap1 was numerically determined and
compared with the unstretched sample
(stretch []), which was set at 1. Mean values
obtained from at least five independent ex-
periments are shown as bars with standard
deviation (bottom).
(C) Activation EGFP-Rap1 in cytoplasmic ex-
tract by stretched Triton cytoskeletons.
Stretched or unstretched Triton cytoskele-
tons from naive L-929 cells were incubated
with cytoplasmic extract of L-929 cells ex-
pressing EGFP-Rap1. Proteins were recov-
ered and the activity of exogenous Rap1 was
analyzed by a pull-down assay using GST-
RalGDS-RID beads and anti-EGFP antibody
(top). Equivalent portions of each sample
were directly subjected to SDS-PAGE fol-
lowed by anti-EGFP immunoblotting to con-
firm that there was equal EGFP-Rap1 input
(bottom).
a stretch-dependent manner, whereas numerous cyto- Sheetz, 2002). Thus, specific stretch-dependent binding
to Triton cytoskeletons was found for C3G and CrkII,plasmic proteins did not bind or showed relaxation-
dependent binding (Sawada and Sheetz, 2002). We which were known to be involved in the pathway for
activation of Rap1.found that C3G and CrkII in a soluble cytoplasmic extract
bound to the Triton cytoskeletons and the amount of
bound protein increased upon stretch while it decreased Rap1 Activation by Stretched Triton
Cytoskeletons In Vitro Depends upon C3Gupon relaxation (Figure 3A). We suggest that binding
may be part of the activation process. To determine if C3G was required for stretch-dependent
Rap1 activation by Triton cytoskeletons, we prepared aTo further characterize and determine the specificity
of the stretch-dependent binding of C3G and CrkII to cytoplasmic extract depleted in C3G. MEF-hC3G cells
were established from mesenchymal embryonic fibro-Triton cytoskeletons, we prepared a cytoplasmic extract
from HEK293 cells expressing EGFP-C3G or EGFP-CrkII blasts (MEFs) of transgenic mice that had disrupted
mouse C3G gene but were rescued by expressing hu-and analyzed the binding of those molecules to the Tri-
ton cytoskeletons from naive L-929 cells. As a control, man C3G transgene (Ohba et al., 2001). Since the human
C3G transgene could be excised by Cre recombinase,we used a cytoplasmic extract from HEK293 cells ex-
pressing EGFP or EGFP-actin. Both EGFP-C3G and we obtained C3G-deficient cytoplasmic extract from
MEF-hC3G cells through Cre recombinase expressionEGFP-CrkII bound preferentially to stretched Triton cy-
toskeletons, while EGFP alone bound less with no induced by adenovirus vector, AxCANCre (Ohba et al.,
2001). When C3G-deficient cytoplasmic extract was in-stretch dependence (Figure 3B). EGFP-actin also bound
to Triton cytoskeletons at the same level in both cubated with Triton cytoskeletons, stretch-dependent
Rap1 activation was not observed (Figure 3C), whilestretched and unstretched states (Figure 3B). However,
binding of EGFP-actin to stretched Triton cytoskeletons total Rap1 and Rap1•GTP were not significantly altered
in the C3G-deficient cytoplasmic extract as previouslywas decreased when we added 0.5 mM EDTA to the
buffer and passed the cytoplasmic extract over a de- reported (Ohba et al., 2001; data not shown). The major-
ity of endogenous C3G was removed by Triton X-100salting column (as per the previous study) (Sawada and
Developmental Cell
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Tyrosine Phosphorylation of Proteins
in Triton Cytoskeletons Is Involved
in Stretch-Dependent Signaling
C3G forms a complex in the cytoplasm with members of
the Crk family (Knudsen et al., 1994; Tanaka et al., 1994).
Upon various kinds of stimulation, the Crk-C3G complex
binds to tyrosine-phosphorylated proteins through the
SH2 domain of Crk (Kiyokawa et al., 1997). Therefore,
we looked for changes in tyrosine phosphorylation with
stretch. We found an increase in phosphotyrosine levels
of Triton cytoskeletons in several proteins (e.g., p75, p125,
and p200 tentatively) upon stretch. ATP was required but
cytosolic proteins were not (Figure 4A). The major band
was p125 and the signal was increased about 2-fold by
stretch. Coomassie brilliant blue staining and anti-actin
immunoblotting showed no apparent change in cytoskel-
etal protein composition upon stretch with or without
added ATP (data not shown; Figure 4A). Thus, the en-
hanced phosphotyrosine signals most likely represented
the stretch-dependent increase in tyrosine phosphoryla-
tion of proteins. Both kinases and phosphatases might
have regulated the level of tyrosine phosphorylation in
Triton cytoskeletons. The tyrosine phosphatase inhibi-
tor, sodium orthovanadate, increased phosphotyrosine
signals both in unstretched and stretched Triton cyto-
skeletons (Figure 4B), indicating that tyrosine phospha-
tases were active in Triton cytoskeletons. Because 2
mM sodium orthovanadate did not affect the stretch-
dependent increase in tyrosine phosphorylation of p125
and p200 (Figure 4B) but did inhibit tyrosine dephos-
phorylation very efficiently (90%) even in the presence
of DTT (data not shown), tyrosine kinases were primarily
responsible for the stretch response. A selective SFKs
inhibitor, CGP77675, remarkably inhibited stretch-depen-
Figure 3. C3G and Crk Bind Preferentially to Stretched Triton Cy- dent tyrosine phosphorylation in Triton cytoskeletons
toskeletons, and Rap1 Activation by Stretched Triton Cytoskeletons (95%) (Figure 4C; Missbach et al., 1999). Further,
Depends on C3G
CGP77675 also attenuated the stretch-dependent bind-
(A) HeLa cell cytoplasmic extract (proteins were tagged with photo-
ing of EGFP-CrkII to Triton cytoskeletons in vitro (Figurecleavable biotin) was incubated with relaxed, unstretched, or
4D). However, other tyrosine kinase inhibitors, PP2 andstretched Triton cytoskeletons of L-929 cells for 2 min. Bound pro-
SU6656, were less effective in inhibiting stretch-depen-teins were recovered and analyzed by SDS-PAGE and anti-C3G,
dent tyrosine phosphorylation of Triton cytoskeletons,Crk, and paxillin immunoblotting as described before (Sawada and
Sheetz, 2002). leaving the identity of the kinase uncertain. Thus, EGFP-
(B) Binding of CrkII, C3G, and actin from cytoplasmic extracts to CrkII binding to Triton cytoskeletons was related to tyro-
Triton cytoskeletons. Stretched or unstretched Triton cytoskeletons sine phosphorylation in stretch.
from naive L-929 cells were incubated with cytoplasmic extract (5
Next, we tried to determine the identity of the proteinsmg/ml) of HEK293 cells expressing EGFP, EGFP-CrkII, EGFP-C3G,
in the Triton cytoskeletons that were tyrosine phosphor-or EGFP-actin for 2 min at 30C. After washing, proteins were recov-
ylated by stretch and bound to CrkII. Cas, originallyered with SDS-sample buffer and subjected to SDS-PAGE followed
by anti-EGFP (top) and anti-actin (bottom) immunoblotting. identified as Crk-associated substrate, is known to be
(C) Stretched Triton cytoskeletons incubated with C3G-deficient highly tyrosine phosphorylated during transformation by
cytoplasmic extract did not activate Rap1 in vitro. Stretched or v-Src (Sakai et al., 1994) and cell adhesion in a c-Src-
unstretched Triton cytoskeletons were incubated with cytoplasmic dependent manner (Schlaepfer et al., 1997). A significant
extract from MEF-hC3G cells infected with control adenovirus (con-
amount of Cas remained in Trion cytoskeletons (Figuretrol) or Cre recombinase-inducing adenovirus (C3G-deficient). Pro-
1B). To examine the possibility that p125 in Triton cy-teins were recovered and Rap1•GTP was analyzed as described in
toskeletons represented tyrosine-phosphorylated Cas,Figure 2A. Equivalent portions of each sample were analyzed for
C3G (top) and Rap1 (bottom) by immunoblotting. we used GFP-tagged Cas. When we analyzed Triton
cytoskeletons from L-929 cells expressing GFP-Cas, we
observed a stretch-dependent increase in a phosphoty-
rosine signal in the 150 kDa region, which was the molec-
extraction and no C3G was detected in Triton cytoskele- ular size of GFP-Cas detected by anti-Cas immunoblot-
tons by immunoblotting (Figure 1B). These results indi- ting (Figure 4E). When we analyzed Triton cytoskeletons
cated that Rap1 activation by stretched Triton cytoskel- from naive L-929 cells, there was no stretch-dependent
etons in vitro depended upon C3G in the cytoplasmic band in the 150 kDa region (Figure 4E). In Triton cytoskel-
etons from EGFP or EGFP-Rap1 expressing L-929 cells,extract.
Signal Activation by Cytoskeleton Stretch
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Figure 4. Tyrosine Phosphorylation Is In-
volved in Stretch-Dependent Signaling
(A) Phosphotyrosine levels of several proteins
in Triton cytoskeletons were increased with
stretch. Stretched or unstretched Triton cy-
toskeletons were incubated with 2 ml of
buffer A with or without 1 mM ATP for 2 min
at 30C. After washing, Triton cytoskeletons
were solubilized with SDS-sample buffer and
subjected to 4%–15% SDS-PAGE followed
by anti-phosphotyrosine (top) and anti-actin
(bottom) immunoblotting.
(B) Inhibition of tyrosine phosphatase in-
creased phosphotyrosine levels of proteins
in Triton cytoskeletons but did not affect the
stretch response. After incubation with 2 ml of
buffer A (ATP 0.5 mM) with or without sodium
orthovanadate (Na3VO4) (2 mM) for 30 s at
30C, Triton cytoskeletons were stretched or
unstretched with the same buffer for 1 min.
After washing, Triton cytoskeletons were sol-
ubilized with SDS-sample buffer and sub-
jected to 4%–20% SDS-PAGE followed by
immunoblotting as in (A). Bottom panel is a
shorter exposure of the blots in top panel.
(C) Inhibition of stretch-dependent tyro-
sine phosphorylation in Triton cytoskeletons
by CGP77675. Triton cytoskeletons, either
stretched or unstretched, were incubated
with ATP (0.5 mM) in buffer A containing 0.2
M CGP77675 for 1 min at 30C. CGP77675
was added 1 min prior to stretch. After wash-
ing, Triton cytoskeletons were solubilized with
SDS-sample buffer and analyzed as in (A).
(D) Inhibition of CrkII binding to stretched Tri-
ton cytoskeletons by CGP77675. After 1 min
treatment with 0.2 M CGP77675, Triton cy-
toskeletons were stretched or left un-
stretched and incubated with cytoplasmic
extract of HEK293 cells expressing EGFP-
CrkII in the presence of 0.5 mM ATP and 0.2
M CGP77675 for 2 min at 30C. After wash-
ing, proteins were recovered with SDS-sam-
ple buffer and analyzed as in Figure 3B.
(E) Tyrosine phosphorylation of Cas in Triton cytoskeletons was increased by stretch. Triton cytoskeletons from naive L-929 cells or cells
expressing GFP-Cas were either stretched or unstretched and incubated with ATP (0.5 mM) in buffer A. After washing, Triton cytoskeletons
were solubilized with SDS-sample buffer and subjected to SDS-PAGE followed by anti-Cas (left), anti-phosphotyrosine (right), and anti-actin
(bottom) immunoblotting.
(F) Cas is involved in stretch-dependent CrkII binding. Triton cytoskeletons from Cas/ cells transiently transfected with pSSR-bsr-GL-Cas
(GFP-Cas) or its control vector (GFP) were either stretched or unstretched and incubated with His6-CrkII (2.5 M) purified from E. coli and
ATP (0.5 mM) in 800 l buffer A for 2 min at 30C. After washing, proteins were solubilized with SDS-sample buffer and subjected to SDS-
PAGE followed by anti-Cas (top), anti-polyHistidine (middle), and anti-actin (bottom) immunoblotting.
no increase in phosphotyrosine signals was observed 2002), we used bacterially expressed and purified CrkII
(His6-CrkII) to measure the direct binding of CrkII andin the 25 kDa or 46 kDa regions, where anti-EGFP immu-
noblotting located EGFP or EGFP-Rap1 from Triton cy- to eliminate any indirect binding of CrkII requiring other
molecule(s) including Cas in cytoplasmic extract. Wetoskeletons (data not shown). These results indicated
that tyrosine phosphorylation of Cas in Triton cytoskele- observed remarkably attenuated stretch-dependent
binding of His6-CrkII to Triton cytoskeletons from Cas/tons was increased by stretch probably through SFKs.
Since Crk was known to bind to phosphotyrosine- cells compared to control cells (data not shown). Binding
was restored by transient transfection of Cas/ cellscontaining sequences in Cas (Sakai et al., 1994), we
postulated that Cas in Triton cytoskeletons was involved with GFP-Cas (Figure 4F). These results indicated that
CrkII directly bound to Triton cytoskeletons in a stretch-in stretch-dependent binding of CrkII. To test this, we
examined CrkII binding to Cas-deficient Triton cytoskel- and Cas-dependent manner, and CrkII did not require
any molecule(s) in the cytoplasmic extract to bind toetons using mouse embryonic Cas-deficient fibroblasts
(Cas/ cells). Because Cas in cytoplasmic extract Triton cytoskeletons. The complexity of Triton cytoskel-
etons left open the possibility that another cytoskeletalbound to stretched Cas-deficient Triton cytoskeletons
(data not shown) as Cas bound to stretched Triton cy- molecule(s) was involved in Cas-dependent CrkII bind-
ing. However, Cas has multiple Y-x-x-P motifs that bindtoskeletons from naive L-929 cells (Sawada and Sheetz,
Developmental Cell
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Figure 5. Stretch Increased Tyrosine Phos-
phorylation at the Contacts with ECM in Tri-
ton Cytoskeletons and Intact Cells
(A–C) Anti-phosphotyrosine immunofluores-
cence (IF) staining of stretched or unstretched
Triton cytoskeletons. Triton cytoskeletons ei-
ther left unstretched or stretched were incu-
bated with 1 mM ATP in buffer A for 2 min at
30C, fixed, and stained with anti-phosphotyro-
sine antibody and phalloidin (A) or anti-phos-
photyrosine and anti-integrin 1 antibodies (B).
Merges show the overlay of phosphotyrosine
(green) and F-actin (red) (A, right panels) and
of phosphotyrosine (green) and integrin 1
(red) (B, right panels). Broken line in (A) shows
expected original cell shape. The average
brightness value of each area surrounded by
broken line was quantified. Results shown are
the mean  SD of 100 cells and representa-
tive of at least five independent experiments
(C). The rectangle in the inset (low magnifica-
tion) indicates the area of each micrograph.
(D–F) Immunofluorescence staining of phos-
photyrosine in stretched or unstretched in-
tact cells. L-929 cells were either left un-
stretched or stretched for 2 min, fixed,
permeabilized, and stained with anti-phos-
photyrosine antibody only (D) or together with
phalloidin (E). Merges show the overlay of
phosphotyrosine (green) and F-actin (red) (E,
right panels). Pixels with brightness values
greater than or equal to the same threshold
at the periphery of cells were displayed in red
in the insets (D, low magnification). Values in
red areas were quantified and ratios (values in
red regions of cell/values in whole cell) were
calculated. Results shown are the mean SD
of 100 cells of three independent experiments
(F). Arrowheads indicate typical accumula-
tion of phosphotyrosine signals at the leading
edge of the cell (E).
Scale bars equal 10 m.
strongly to Crk SH2 domains when the first tyrosine is formation and stabilization of focal adhesions (Guan et al.,
1991; Zamir and Geiger, 2001). Although many tyrosinephosphorylated (Sakai et al., 1994; Songyang et al.,
kinases and their substrates are known to be localized in1993). Therefore, Cas is very likely to be a key molecule
cell-ECM contacts, it is still not clear what accumulation ofthat is phosphorylated and directly binds to CrkII when
tyrosine-phosphorylated proteins at cell-ECM contactsTriton cytoskeletons are stretched.
implies and how tyrosine is phosphorylated there. Our
results demonstrated that externally applied force on
Stretch Increases Tyrosine Phosphorylation the structure of cell-ECM contacts increased the local
and CrkII Binding at the Contacts with ECM tyrosine phosphorylation without requiring cytosolic
in Triton Cytoskeletons and Intact Cells molecules. If stretch-dependent tyrosine phosphoryla-
Upon stretch, the greatest stresses should be exerted tion in these structures takes place in intact cells, vari-
at the contacts with ECM. We therefore analyzed the ous cytosolic proteins carrying SH2 domains could bind
distribution of phosphotyrosine in Triton cytoskeletons and increase the size of contacts (Zamir and Geiger, 2001).
before and after stretch at ECM contact sites. When When we stretched intact cells biaxially, we observed an
Triton cytoskeletons were incubated with 1 mM ATP for increase in phosphotyrosine signals at cell-ECM contacts
2 min, there was a 2-fold overall increase in the anti- with longer centripetal streaks in stretched cells (Figure
phosphotyrosine antibody immunofluorescence upon 5D). Costaining with phalloidin showed accumulation of
stretch (Figure 5C). Phosphotyrosine-derived punctate phosphotyrosine signals along actin filaments, especially
staining was observed at the lower plane of the Triton at the end of thick F-actin bundles in both unstretched and
cytoskeletons along F-actin (Figure 5A). It also exhibited stretched cells. In addition, the phosphotyrosine staining
some colocalization with integrin1 staining (Figure 5B). increased at the leading edges of stretched cells (Figure
In the absence of ATP, the phosphotyrosine signals were 5E). These phosphotyrosine signals were probably de-
weak (data not shown). rived from both Triton cytoskeletons phosphorylated by
stretch and cytosolic proteins assembled at cell-ECMTyrosine phosphorylation is known to be involved in
Signal Activation by Cytoskeleton Stretch
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contacts. The ratio of values for phosphotyrosine signals
in cell-ECM contacts of stretched cells to those in whole
cell was 3-fold higher (Figure 5F).
Finally, we tested if CrkII accumulated at cell-ECM con-
tacts in intact cells in a stretch-dependent manner as it did
in Triton cytoskeletons. When we transiently transfected
HcRed (a far-red fluorescent protein)-tagged CrkII, it was
diffusely located in cytoplasm with moderate accumula-
tion at cell-ECM contacts in unstretched cells as pre-
viously reported (Nagashima et al., 2002). Upon stretch,
the fluorescence at adhesion sites was enhanced both
at the ends of actin filament bundles and at the leading
edge of cells (Figure 6A). Further, HcRed-CrkII fluo-
rescence colocalized with anti-phosphotyrosine immu-
nofluorescence in stretched cells (Figure 6C). When
HcRed-CrkII and GFP-Cas were coexpressed, both pro-
teins were mainly in cytoplasm and colocalized in focal
adhesions in unstretched cells. This subcellular localiza-
tion of GFP-Cas was consistent with anti-Cas immuno-
staining reported previously (Nakamoto et al., 1997). Their
colocalization increased at the periphery of the stretched
cells (Figure 6D). When we observed the dynamics of
CrkII accumulation in living cells during biaxial stretch,
we found HcRed-CrkII accumulations within 5 min after
stretch at cell-ECM contacts in the periphery of the cell.
Upon relaxation, HcRed-CrkII disassembled within 5 min
(Figure 6B). Although we could not monitor tyrosine
phosphorylation status in living cells, the immunostain-
ing (Figures 5 and 6) suggested that CrkII accumulated
at sites of stretch-induced tyrosine phosphorylation.
These results were analogous to stretch-, phosphotyro-
sine-, and Cas-dependent CrkII binding to Triton cy-
toskeletons and indicated that force-transduction by
Triton cytoskeletons was responsible for signaling both
in vivo and in vitro.
Discussion
Figure 6. Localization of CrkII in Stretched or Unstretched Cells
In this study, we found that stretch of Triton cytoskele-
(A) Localization of CrkII in stretched or unstretched cells. L-929
tons caused tyrosine phosphorylation of proteins lo- cells transiently transfected with pCA-HcRed-CrkII were either left
cated at cell-ECM contacts and initiated the Crk/C3G/ unstretched or stretched for 2 min, fixed, permeabilized, and stained
Rap1 signaling cascade. The steps in the cascade ap- with Alexa Fluor 488 phalloidin. Arrowheads indicate the sites of
HcRed-CrkII accumulation. Merge shows overlay of HcRed-CrkIIpear to involve binding of CrkII to phosphotyrosines on
(red) and F-actin (green).proteins in Triton cytoskeletons including Cas, followed
(B) Dynamics of CrkII accumulation. L-929 cells transiently trans-by the binding of C3G, which then catalyzes the produc-
fected with pCA-HcRed-CrkII were stretched and held for 5 min.
tion of Rap1•GTP. In intact cells, an analogous process Then silicone substrate was relaxed to its original size. Fluorescence
was observed following stretch of the substrate. This micrographs of HcRed-CrkII were obtained before stretch (left), 5
min after stretch (middle), and 5 min after relaxation (right). Theindicates that mechanical force transduction can occur
rectangle in upper row (low magnification) indicates the area of eachthrough alteration of the Triton cytoskeletons, causing
lower micrograph. Micrographs shown are representative of at leastbinding and activation of force-dependent signaling
five independent experiments.
cascades. (C) Colocalization of HcRed-CrkII and phosphotyrosine signals in
We observed that tyrosine phosphorylation of pro- stretched cell. L-929 cells transiently transfected with pCA-HcRed-
CrkII were stretched for 2 min, fixed, permeabilized, and stainedteins at ECM contacts in Triton cytoskeletons increased
with anti-phosphotyrosine antibody (middle). Merge shows overlayafter stretch. Because cell-ECM contacts were the sites
of HcRed-CrkII (red) and phosphotyrosine signals (green).of the greatest stresses both in stretched Triton cy-
(D) Colocalization of HcRed-CrkII and GFP-Cas in stretched cell.
toskeletons and in intact cells, force correlated with L-929 cells expressing GFP-Cas were transiently transfected with
tyrosine phosphorylation. Several reports showed that pCA-HcRed-CrkII. 48 hr after transfection, cells were stretched, sus-
force regulated maturation and tyrosine phosphoryla- tained for 2 min, and fixed. Merge shows overlay of HcRed-CrkII
(red) and GFP-Cas signals (green) (right). Arrowheads indicate thetion of focal adhesions. Focal adhesions grew after stim-
sites of HcRed-CrkII and GFP-Cas colocalization.ulation of actomyosin contraction (Chrzanowska-Wod-
Scale bars equal 10 m.
nicka and Burridge, 1996) or application of external force
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(Kaverina et al., 2002; Riveline et al., 2001), while actomy-
osin relaxants reduced phosphotyrosine levels and in-
hibited development of focal adhesions (Chrzanowska-
Wodnicka and Burridge, 1994; Ridley and Hall, 1994).
However, the mechanisms involved are not known.
Stretching of Triton cytoskeletons might enable us to
characterize force-induced growth of focal adhesions.
Thus, the presence of SFKs in the Triton cytoskeletons
is consistent with the hypothesis that stretch locally
activates SFKs to start the signaling cascade.
We found that Crk bound to stretched Triton cytoskel-
etons in vitro and the binding corresponded with the
tyrosine phosphorylation of Triton cytoskeletons. In in-
tact cells, Crk was also recruited to cell-ECM contacts
at the periphery of the cells by stretch. Nagashima et
al. reported that Crk was recruited to the nascent focal
complex when endothelial cells were stimulated by
ephrin-B1. Because Crk binds to C3G and DOCK180 (a
GEF for Rac1), they suggest that recruitment of Crk is
important for cooperative activation of Rap1 and Rac1
Figure 7. A Model for Activation of Rap1 Signaling by Stretchedin ephrin-B1-induced migration by inducing membrane
Triton Cytoskeletonsruffling and stabilizing focal complexes (Nagashima et
Stretch-dependent alterations of proteins in Triton cytoskeletons,al., 2002). We postulate that Crk recruitment to cell-
e.g., unfolding or distortion, could produce new binding sites byECM contacts upon stretch is also important for local
facilitating tyrosine phosphorylation at cell-ECM contacts and give
activation of the Crk-C3G-Rap1 signaling pathway. rise to Crk-C3G binding, followed by Rap1 activation and its down-
Recently, a number of reports have shown Rap1 stream signaling.
involvement in integrin function. Active Rap1 is sufficient
to induce integrin activation in T cell and macrophage- to be involved in force-sensing signaling pathways in-
like cell lines (Caron et al., 2000; Katagiri et al., 2000; cluding tyrosine phosphorylation and development of
Reedquist et al., 2000). Conversely, expression of Rap1- focal adhesions. Src and Fyn remained in Triton cy-
GAP or Rap1 (N17) abolishes the ability of integrins to toskeletons, and one of the SFK substrates, Cas, in
bind to their ligands, even in agonist-stimulated cells. Triton cytoskeletons was tyrosine phosphorylated by
Taken together with our results, it is reasonable to hy- stretch, which indicated that SFKs were involved in
pothesize that Rap1 is activated at cell-ECM contacts stretch-dependent tyrosine phosphorylation of Triton
where cell-generated forces are concentrated and it ac- cytoskeletons. However, further study is required to
tivates further integrin binding to stabilize those con- clarify the mechanisms involved.
tacts. Another component in the complex may be RAPL, In our system, no ionic movements were involved,
regulator of cell adhesion and polarization enriched in and only mechanical change of the molecular complex in
lymphoid tissues, which binds to active Rap1 and medi- Triton cytoskeletons caused force-dependent signaling
ates Rap1-induced adhesion through spatial regulation reactions. Our results provide new insight into force
of lymphocyte-function-associated antigen1 (Katagiri et transduction systems, although structural changes in-
al., 2003). It is unknown at this moment whether the duced by stretch in Triton cytoskeletons remain to be
same type of system exists in fibroblasts or not, but analyzed. We speculate that force on Triton cytoskele-
such a component might work downstream of Rap1 tons could open new binding sites in structural proteins
activated by stretch. (e.g., the force-dependent unfolding of spectrin, fibro-
Stretching of Triton cytoskeletons without any cyto- nectin, or titin [Li et al., 2002a]) and could also open
plasmic proteins increased tyrosine phosphorylation of the catalytic sites of kinases or substrate domains to
several proteins (p75, p125, and p200). We found that facilitate enzymatic reactions (Figure 7). Since it is obvi-
one of these proteins was Cas. Proteins of similar molec- ous that there are several force-dependent processes
ular weight were reported to be tyrosine phosphorylated in cells, a number of different mechanisms are likely to
by mechanical stretch of intact cells (Liu et al., 1996; be involved in force transduction, which are parallel to
Schmidt et al., 1998). Liu et al. showed that mechanical or depend on stretch-related alteration of molecules in
strain increased Src activity in the cytoskeletal fraction Triton cytoskeletons. However, the cytoskeleton link-
and tyrosine phosphorylation of cytoskeletal proteins ages to cell adhesion sites are the major force-bearing
(Liu et al., 1996). Okuda et al. (1999) showed that fluid structures in cells, and force-dependent conformational
shear stress increased tyrosine phosphorylation of Cas changes provide a simple mechanism to transform
through Src. In a similar system with fibronectin-coated physical force into biochemical signals. Further analysis
beads and a laser tweezers, we observed that force on and characterization of the stretch-dependent events in
an v3 integrin complex with the receptor-like protein Triton cytoskeletons are critical to clarify which mole-
tyrosine phosphatase  activated SFKs, which led to cules sense the external force and what kind of struc-
focal complex assembly (von Wichert et al., 2003). From tural changes in those molecules transform force into
biochemical signals.these reports, SFKs or related tyrosine kinases appear
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Experimental Procedures immobilized on glutathione-Sepharose beads (Amersham Phar-
macia Biotech) for 1 hr at 4C (Wolthuis et al., 1998). After washing
with buffer B or C four times, proteins were eluted with SDS-sampleMaterials
Antibodies used were anti-Rap1, C3G, actin, -actinin, and talin buffer and analyzed by SDS-PAGE and anti-Ras or Rap1 immu-
noblotting.from Santa Cruz Biotechnology; anti-Crk, FAK, paxillin, Ras, Cas,
and GFP from BD Biosciences; anti-phosphotyrosine (4G10) and Statistical analysis was performed with the Mann-Whitney test
and p 	 0.05 was defined as significant.vinculin from Upstate Biotechnology; anti-Src from Oncogene Re-
search Products; anti-Fyn and integrin 1 from CHEMICON Interna-
tional; and anti-polyHistidine from Sigma. Anti-tensin antibody was Preparation of C3G-Deficient Cytoplasmic Extract
kindly provided by Dr. Lo at University of California-Davis (Lo et MEF-hC3G cells were infected with Cre recombinase-inducing ade-
al., 1997). novirus AxCANCre (RIKEN) or Axlw1, which represented the corre-
Chemicals used were CGP77675, kindly provided by Dr. Susa at sponding empty virus (RIKEN), at the multiplicity of infection (MOI)
Novartis Pharma AG, Switzerland; and DiIC12, DiIC16, Alexa Fluor 10 plaque-forming units/cells (Ohba et al., 2001). 48 hr after infection,
488, and Alexa Fluor 568 phalloidin from Molecular Probes. cells were lysed and cytoplasmic extracts were prepared as we
described above.
Cells, Transfection, and Plasmids
L-929 cells, HEK293 cells, and MEF-hC3G cells (kindly provided Immunofluorescence Staining
from Dr. Matsuda at Osaka University, Japan) were cultured in L-929 cells on the collagen-coated (type I) silicone membrane (Flex-
DMEM supplemented with 10% fetal bovine serum and penicillin/ cell International), either transiently transfected with pCA-HcRed-
streptomycin (100 IU/ml and 100 g/ml) at 37C and 5% CO2. HeLa CrkII (kindly provided from Dr. Mochizuki at National Cardiovascular
cells were grown in adhesion or suspension culture using DMEM Center Research Institute, Japan) or not, were left unstretched or
supplemented with 10% fetal bovine serum or 10% calf serum (for stretched biaxially (10% in each dimension), sustained for 2 min,
suspension culture), penicillin/streptomycin, and minimum nones- and fixed with 3.7% formaldehyde/PBS. After fixation, the cells were
sential amino acids. Transfection was performed with FuGene6 permeabilized with 0.2% Triton X-100/PBS and subjected to staining
(Roche) according to the manufacturer’s protocol. RalGDS-RID with Alexa Fluor 488 or 568 phalloidin and immunostaining using
cloned into pGEX 4T-1 and RBD of Raf-1 cloned into pET-41a were anti-phosphotyrosine antibody followed by detection with Alexa-
used for bacterial expression of GST-RalGDS-RID and GST-RBD- labeled (488 nm) secondary antibody. For immunostaining of Triton
Raf-1, respectively (Sawada et al., 2001). pCAGGS-EGFP-Rap1, cytoskeletons, they were prepared as described above on a colla-
pCAGGS-EGFP-CrkII (Matsuda et al., 1992), and human C3G cDNA gen-coated silicone membrane and either left unstretched or
were provided from Dr. Matsuda. Human C3G cDNA was cloned stretched in the presence of 1 mM ATP for 2 min at 30C. After 2
into pEGFP-C2 (BD Biosciences). Human CrkII cDNA cloned into min, the Triton cytoskeletons were fixed and subjected to immuno-
pET-28a was used for bacterial expression of His6-CrkII. Human staining. Fluorescence micrographs were taken on an Olympus
paxillin cDNA was cloned into pCAGGS-EGFP by PCR. The expres- BX50 microscope with a cooled-CCD (Cool-Snap, Roper Scientific,
sion vector for GFP-Cas (pSSR-bsr-GL-Cas) and Cas/ cells were NJ), and image analysis was done with the open source image
kindly provided by Dr. Sakai, National Cancer Center Research Insti- analysis program, ImageJ (by W. Rasband, NIH, Bethesda, MD).
tute, Japan, and Dr. Hirai, University of Tokyo, Japan, respectively.
pEGFP-actin was purchased from BD Biosciences. To isolate stably Observation of Stretch-Dependent HcRed-CrkII
transfected cell lines, pcDNA3 that carried a neomycin-resistant Assembly in Intact Cells
gene (Invitrogen) was cotransfected and clones were selected using L-929 cells transiently transfected with pCA-HcRed-CrkII on the
G-418 (GIBCO-BRL). collagen-coated silicone membrane were stretched biaxially and
held for 5 min. Then, silicone substrate was relaxed to its original
size. HcRed fluorescence of cells was observed by confocal micros-Triton Cytoskeletons
copy (IX70; Olympus) before stretch, 5 min after stretch, and 5 minL-929 cells were plated on collagen (type I; Sigma-Aldrich)-coated
after relaxation.stretchable silicone dishes (4  105 cells per dish) (Sawada et al.,
2001). Cells were washed once with buffer A (20 mM HEPES [pH
7.5], 150 mM NaCl, 4 mM MgCl2), treated with 0.25% Triton X-100/ Acknowledgments
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